Luciferases are widely used for the quantitative monitoring of gene expression in a variety of organisms. We successfully expressed novel red-and green-emitting luciferases of Phrixothrix railroad worms in mammalian cells in combination with the Kozak sequence and the CAG promoter. The characteristic properties of these luciferases indicate that they are appropriate reporter genes for the simultaneous monitoring of two gene expressions.
In mammalian cells, reporter assay system using firefly (Photinus) and Seapansy (Renilla) luciferases is widely used as a conventional and powerful tool for monitoring single-gene expression. [1] [2] [3] One important application of the reporter assay system is the simultaneous monitoring of two gene expressions in the same cell population, because every biological reaction is basically a chain of transcriptional regulations of multiple gene expressions. For monitoring two gene expressions at once, luciferases must satisfy the following conditions: (i) the emission colors must be separable by an optical filter; (ii) the number of substrates must be a minimum; (iii) the cellular half-lives must be very similar; (iv) the basal activities must also be very similar; and (v) the bioluminescence spectra must remain constant even if the intracellular pH changes. The combined use of firefly and Renilla luciferases is difficult because their substrates (luciferins) are different and the emission color of firefly luciferase is strongly dependent on pH change. 4) We have recently cloned redand green-emitting luciferases (red and green luciferases) from Phrixothrix railroad worms. 5) Expression experiments in E. coli have revealed that these luciferases satisfy all the conditions described above, 5) suggesting that red and green luciferases are the best candidates for reporter genes to monitor two gene expressions simultaneously. However, in our preliminary experiments, neither of the two luciferases showed high activity in mammalian cells when expressed under the control of typical promoters. We report here that the luciferases can be successfully expressed in cultured mammalian cells and that their characteristics satisfy the conditions for simultaneous monitoring of two gene expressions in mammalian cells.
To improve the activities of the red and green luciferases in cultured mammalian cells, we expressed the luciferases using various promoters and an element that affects the expression level of a foreign gene in mammalian cells. Mouse fibroblast NIH3T3 cells were grown in Dulbecco's Modified Eagle medium (DMEM, Sigma, St. Louis, Missouri, U.S.A.) supplemented with 10% fetal bovine serum (FBS, ICN Biochemicals, Aurora, Ohio, U.S.A.) at 37 C. Cells were seeded in 24-well plates at a density of 5 Â 10 4 cells per well, one day before transfection. Expression plasmids of the same molar concentration were transfected into the cells using Lipofectamine PLUS (Invitrogen, Carlsbad, California, U.S.A.) according to the manufacturer's instructions. Forty-eight hours after transfection, the cells were washed once with 300 l of cold phosphate buffered saline (PBS) and disrupted in 300 l of cold PBS. After mixing 50 l of the lysate and Firefly luciferin (PicaGene, TOYO Ink, Tokyo, Japan) the activities of the red and green luciferases were measured using a luminometer (AB-2200, ATTO, Tokyo, Japan) for 20 s and expressed as relative light units (RLU). The activities of the red and green luciferases were very low (almost background levels) when expressed under the control of typical constitutive promoters, SV40, CMV, or a CAG that is composed of a CMV immediate early enhancer, a chicken -actin promoter, and a rabbit -globin intron II (pMK10 vector, 6) a gift from Dr. M. Kobayashi) (data not shown). The activities of both luciferases were y To whom correspondence should be addressed. Fax: +81-72-751-9628; E-mail: y-nakajima@aist.go.jp Abbreviations: DMEM, Dulbecco's Modified Eagle medium; FBS, fetal bovine serum; red and green luciferases, red-and green-emitting luciferases; IRES, internal ribosomal entry site; PBS, phosphate buffered saline; RLU, relative light units markedly increased (approximately 500-fold) by introducing the Kozak sequence (5 0 -CCACC-3 0 ), 7) which is a ribosome recognition sequence, immediately upstream of the start codon of the luciferases in the pMK10 vector (pMK10-Gr and -Red) (Fig. 1) . The activities of red and green luciferases were almost identical, suggesting that these luciferases are appropriate for monitoring two gene expressions. The highest activities of the red and green luciferases in NIH3T3 cells were achieved in expression plasmids in which the internal ribosomal entry site (IRES) and the neomycin resistance gene had been deleted (pMK10-ÁIR-Gr and -Red). These constructions were therefore used in the subsequent expression experiments. Figure 2A shows the bioluminescence spectra of the red and green luciferases expressed in NIH3T3 cells. A schematic of expression plasmids is shown on the left, with the names of expression plasmids listed in the middle and their corresponding activities of red (open bars) and green (gray bars) luciferases shown on the right, where 'Luc' stands for red and green luciferases, and 'Koz' for the Kozak sequence. Expression plasmids of the same molar concentration were independently transfected into NIH3T3 cells, which were seeded in 24-well plates. A total of 400 ng of the largest plasmids (pMK10K-Red or -Gr) was added. The total amount of DNA added per well was kept constant by adding pBluescript SK(À). Forty-eight hours after transfection, cells were harvested and disrupted in PBS, and luciferase activity was measured. To construct expression plasmids, cDNA sequences encoding red and green luciferases were PCR-amplified with pBl-PxRe and pBl-PxGr, respectively, 5) as a template using a set of primers: Red-SpeI+Koz-F, (5 0 -ACTAGTCCACCATGGAAGAAGAAAACATTG-3 0 ); Red-SpeI-R, (5 0 -ACTAGTTTATAATTTTGATTTTGCCTGTTC-3 0 ), and Gr-XbaI-Koz-F, (5 0 -TCTAGACCACCATGGAAGAAGAAAACA-TT-3 0 ); Gr-SpeI-R, (5 0 -ACTAGTTTATAATTTTGATTTTGGTGCTCG-3 0 ). The Kozak sequences are underlined. The amplified fragments were cloned into pCR2.1-TOPO (Invitrogen), digested with SpeI or XbaI plus SpeI, and then cubcloned into an XbaI site downstream of the CAG promoter in pMK10 vector, resulting in pMK10K-Red and pMK10K-Gr. To remove IRES and the neomycin resistance gene from pMK10K-Red and pMK10K-Gr, the vectors were digested with BlnI and BspT104I, and closed by self-ligation, resulting in pMK10K-ÁIR-Red and pMK10K-ÁIR-Gr. All experiments were performed at least four times, with different clones expressing the same construct. Means AE S.D. are shown. (A) Bioluminescence spectra of red (light line) and green (bold line) luciferases. Expression plasmids (400 ng) pMK10K-ÁIR-Red and pMK10K-ÁIR-Gr were transfected independently into NIH3T3 cells, and the cells were harvested and disrupted in PBS after 48 h. After injecting luciferin, spectra were measured using a spectrometer (AB-1850S, ATTO). Spectra were corrected for equipment photosensitivity and normalized. (B) Functional half-life of red (closed circles) and green (open circles) luciferases in NIH3T3 cells. pMK10K-ÁIR-Red and pMK10K-ÁIR-Gr expression plasmids (400 ng) were independently transfected into NIH3T3 cells. Forty hours after transfection, the culture medium was replaced with DMEM supplemented with 10% FBS and 100 M cycloheximide, and incubated for 30 min to block protein synthesis. After 30 min (time ¼ 0), incubation was continued in the same medium. At the indicated periods, the cells were disrupted in 300 l of cold PBS, and luciferase activity was measured immediately after disruption. The total activities of the red and green luciferases were 5:5 Â 10 The luciferases emit red ( max ¼ 628 nm) and green ( max ¼ 554 nm) light, similar to those measured in E. coli extracts. 5) This clearly indicates that the difference in spectra between the two luciferases expressed in mammalian cells is sufficient for the measurement of each activity. It is noted that these spectra remained constant even when pH was changed (data not shown). For quantitative monitoring of gene expression, luciferase should be moderately unstable in host cells because rapid increases or decreases in gene expression may not be detected if residual luciferase accumulates in the cells. Therefore, we measured the functional half-life of the red and green luciferases in NIH3T3 cells (Fig. 2B) . The expression plasmids pMK10K-ÁIR-Red and pMK10K-ÁIR-Gr were independently transfected into NIH3T3 cells. Forty-eight hours after transfection, the culture medium was replaced with DMEM supplemented with 10% FBS and 100 M cycloheximide, a protein synthesis inhibitor, and incubation was carried out for 30 min to block protein synthesis in the cells. Luciferase activity was measured at the indicated times by disrupting the cells as described above. The functional half-life times of red and green luciferases in the presence of cycloheximide were 2.5 and 3.5 h, respectively, and were almost identical to that of firefly luciferase (3-4 h) expressed in human hepatoma HepG2 cells 8) and human carcinoma T-47D cells. 9) Thus, these red and green luciferases are suitable for detecting the dynamic changes in the rate of gene expression that may evolve over the course of several hours or days.
Finally, to estimate the linear range of the red and green luciferases, we determined the relationships between the activities of the two luciferases and the volume of luciferase-expressing cell extract (Fig. 3) . The extracts were used because we have not succeeded in purifying the luciferases from mammalian cells. The activities of the red and green luciferases showed a proportional increase with the volume of extract added, and the linear ranges of the red and green luciferases were at least five orders of magnitude. These results suggest that the activities of both luciferases are directly proportional to luciferase amounts. The broad linear range of the bioluminescence signal makes it possible to monitor the dynamic changes in transcriptional activity in the cells.
In conclusion, we have successfully expressed redand green-emitting luciferases of Phrixothrix railroad worms in cultured mammalian cells, and have shown that (i) they emit red and green lights with Firefly luciferin as substrate; (ii) the activities of the two luciferases are almost identical; and (iii) the half-lives of the two luciferases in the cells are similar. Thus, these luciferases satisfy the conditions required for the simultaneous monitoring of two gene expressions. A dual color reporter assay system can easily be developed using these emitters. Expression plasmids (400 ng) pMK10K-ÁIR-Red and pMK10K-ÁIR-Gr were transfected independently into NIH3T3 cells, and the cells were harvested and disrupted in PBS after 48 h. After mixing 50 l of the extract and PicaGene as substrate, luciferase activities were measured using a luminometer (AB-2200, ATTO) for 20 s. Maximum activities of the red and green luciferases were 2:5 Â 10 6 and 4:3 Â 10 5 (RLU/20 s), respectively. All experiments were performed at least three times, with different clones expressing the same construct.
